A B S T RA C X The inositol 1,4,5-trisphosphate receptor (InsPaR), an intracellular calcium release channel, is found in virtually all cells and is abundant in the cerebellum. We used Mn 2+ as a tool to study two aspects of the cerebellar InsP3R. First, to investigate the structure of the ion pore, Mn 2+ permeation through the channel was determined. We found that Mn 2+ can pass through the InsP3R; the selectivity sequence for divalent cations is Ba 2+ > Sr 2+ > Ca ~+ > Mg 2+ > Mn 2+. Second, to begin characterization of the cytosolic regulatory sites responsible for the Ca2+-dependent modulation of InsP3R function, the ability of Mn ~+ to replace Ca 2+ wasinvestigated. We show that Mn 2+, as Ca 2+, modulates InsP3R activity with a bell-shaped dependence where the affinity of the activation site of the InsPaR is similar for both ions, but higher concentrations of Mn 2+ were necessary to inhibit the channel. These results suggest that the two regulatory sites are structurally distinct. Our findings are also important for the understanding of cellular responses when Mn 2+ is used to quench the intracellular fluorescence of Ca 2+ indicator dyes. Key words: ion permeation * ion selectivity 9 calcium release channel 9 fura-2
INTRODUCTION
A Ca 2+ flux through the inositol 1,4,5-trisphosphate receptor (InsP3R) 1 from the lumen of the endoplasmic reticulum to the cytosol constitutes an important step in intracellular Ca 2+ signaling. This signaling cascade is stimulated by the binding of an agonist to its receptor on the outer surface of the plasma membrane followed by the activation of a phospholipase C and the formation of diacylglycerol and inositol 1,4,5-trisphosphate (InsP~) (Berridge, 1993; Clapham, 1995) . The density of the InsP~R is highest in the cerebellum, specifically in the Purkinje cells (Supattapone et al., 1988) , and the majority of biochemical, molecular, and biophysical studies of this channel have used the cerebellar receptor. Models have been proposed and experimental evidence is accumulating suggesting that the InsP3R is involved in intercellular signaling between neuronal cells (Charles, 1994; Sneyd et al., 1995) and long term potentiation (Malenka, 1994) .
It has been shown recently that the InsP3R selects weakly among the alkaline earth cations (Bezprozvanny and Ehrlich, 1994) . The permeation sequence decreases in the order Ba 2+ > Sr 2+ > Ca 2+ > Mg 2+. The first issue addressed here is whether Mn z+ as a transition metal is also able to pass through the InsP~R. The answer to this question would allow conclusions con-cerning the mechanism of ion translocation though the channel pore of the InsP~R.
The steady state activity of the InsP3-gated channel follows the cytosolic Ca 2+ concentration with a bellshaped dependence, where maximal activation occurs at ~"200 nM free Ca 2+ (Iino, 1990; Bezprozvanny et al., 1991; Finch et al., 1991) . At least two cytosolic Ca 2+ binding sites are responsible for the Ca2+-induced activation and inhibition of the InsPsR Marshall and Taylor, 1994) . The second issue of this study is to characterize these binding sites by investigating the ability of Mn z+ to replace Ca ~+ in modulating the channel activity.
In addition to conclusions concerning properties of the channel pore and the Ca2+-dependent regulatory sites of the InsP3R, both questions posed in the present paper may be important for studies of intracellular Ca 2+ homeostasis in neurons and other cells. Because of its ability to quench the fluorescence of different Ca 2+ indicator dyes (e.g., fura-2, indo-1), Mn 2+ has become a useful tool for investigating intracellular Ca z+ signaling, especially for discriminating between the activation of a Ca 2+ influx channel in the plasma membrane (which is also permeable for Mn 2+) and the release of Ca 2+ from intracellular stores (Merritt et al., 1989) . More recently, Mn 2+ has also been used to study or to detect the InsP3R by quenching intraorganellar (endoplasmic reticulum, nuclear cisterna) dye fluorescence (Hajnoczky and Thomas, 1994; Stehno-Bittel et al., 1995b) . The latter type of experiment assumes that Mn 2+ is able to permeate through the InsP3R when the channel is activated by InsP 3. However, Mn 2+ permeation through the InsP3R had not been shown directly. Furthermore, the ability of Mn ~+ itself to alter the activ-ity of the InsP3-gated channel by interacting with the cytosolic Ca 2+ binding sites would have implications for both kinds of quenching experiments.
To study the Mn 2+ permeation through the InsP3R as well as the effect(s) of Mn 2+ on the cytosolic regulatory domains of the InsP~R, we incorporated the native InsPsR from canine cerebellum into planar lipid bilayers and measured single-channel currents under voltage clamp conditions. We found that (a) the InsP3R is permeable to Mn 2+, although the conductance for this ion is lower than that observed for other divalent cations, and (b) cytosolic Mn 2+ regulates the activity of the InsP3R in a bell-shaped manner.
METHODS

Preparation of Microsomes from Canine Cerebellum
Cerebella were taken from anesthetized dogs, immediately frozen in liquid nitrogen and stored at -72~ until microsomes were prepared as described previously . Briefly, a cerebellum was minced with scissors and then homogenized using a glass Teflon | homogenizer in 60 ml of ice-cold buffer A containing 20 mM HEPES, pH 7.35, 100 o~M EDTA, and 1 ~g/ml each of leupeptin and pepstafin A (both from Sigma Chemical Co., St. Louis, MO). After the addition of another 60 ml of buffer A, the suspension was centrifuged for 20 min at 4.3k g (45 Ti rotor; Beckman Instruments, Inc., Fullerton, CA). The supernatant was filtered through four layers of cheese cloth and the filtrate was centrifuged for 30 min at 90k g. The pellet from the latter spin was resuspended in 50 ml of buffer A. The resuspension was centrifuged for 20 min at 4.3k g: The resulting supernatant was centrifuged for 30 min at 90k g: The final pellet was then resuspended in 2 ml of 10% sucrose, 20 mM MOPS, pH 6.8, and 1 ~g/ml each of leupeptin and pepstatin A, frozen in small aliquots in liquid nitrogen and stored at -72 ~ until use. Experiments were performed with two different cerebellar microsomal preparations.
Reconstitution of the InsP3R into Planar Lipid Bilayers
Microsomes were fused with planar lipid bilayers made from 40 mg/ml phosphatidylethanolamine and phosphatidylserine (3:1; Avanti Polar Lipids Inc., Alabaster, AL) dissolved in decane. Bilayers were formed by painting the lipid solution across a 200-txm hole in a Teflon | sheet that bisected a lucite chamber. The hole was prepainted with a solution of phosphatidylcholine and phosphatidylserine (3:1) in decane (20 mg/ml) before the formation of the bilayer. Vesicles (2 Ixl) were added to the c/s chamber, which contained 250 mM HEPES/Tris, pH 7.35. The trans chamber contained 55 mM Ba(OH)2 or 55 mM MnSO4 dissolved in 250 mM HEPES/Tris, pH 7.35, and was held at virtual ground.
KC1 was added to the cis chamber in steps of 0.3 M to establish an osmotic gradient between cis and trans chambers with the aim to induce fusion of the microsomes with the bilayer. Solutions in both chambers were stirred until current deflections due to the activity of K + and/or C1-channels were observed. These deflections indicated fusion of microsomes with the bilayer. After several fusion events, the cis chamber was perfused with 10 vol of HEPES/Tris, pH 7.35, leaving only Ba 2+ or Mn 2+ as a charge carrier in the trans chamber. The vesicles inserted into the bilayer such that the cis and trans chambers corresponded to the cytosol and to the lumen of the endoplasmic reticulum, respectively. To activate the InsP3R, 0.5 mM ATP and 2 I-LM InsP3 were added to the c/s chamber (Bezprozvanny and Ehrlich, 1993) . All subsequent compounds were added to the cis chamber, and the solutions in both chambers were stirred for at least 30 s after each addition. InsP3-gated channel openings were observed in '--~33% of the experiments. Currents were recorded using a patch clamp amplifier (PC-503; Warner Instruments Corp., Hamden, CT) under voltage clamp conditions. All experiments were performed at room temperature (20~ To adjust the free concentration of Ca 2+ or Mn 2+ on the cytosolic side of the InsPsR, solutions of CaC12 (20 mM) or MnSO4 (2 or 20 raM) were added to a solution containing 1 mM EGTA and 0.5 mM ATP. The final concentration of free ions was calculated using the following apparent association constants for the ionchelator complexes given in parentheses: 1.229 • 107 M -1 (Ca 2+-EGTA), 2.266 • 10 s M -I (Mn2+-EGTA), 6.405 • 10 s M -a (Ca 2+-ATP), and 2.168 • 104 M -1 (Mn2+-ATP) at pH 7.35 and at 20~ (Fabiato, 1988) . The total Ca 2+ concentration of the solutions used was determined by atomic absorption spectroscopy (Galbraith Laboratories Inc., Knoxville, TN).
Analysis
Experiments were stored on video tapes and analyzed using pClamp 6.02 (Axon Instruments, Inc., Foster City, CA). For computer analysis, data were filtered to 1 kHz with an eight-pole Bessel filter and digitized at 5 kHz. Acquired data were filtered using a digital Gaussian filter with a cut-off frequency of 500 Hz. Only events longer than 2 or 3 ms were used for the calculation of open time and current amplitude, respectively. The number of InsPs-gated channels in the bilayer was estimated as the maximal number of simultaneously open channels in the experiment (Horn, 1991 ) . To compare different experiments, we normalized the open probability to the maximum open probability observed in each experiment. In all cases data are presented as mean + SEM.
RESULTS
Mn 2+ Permeability of the InsP3R
The ability of Mn 2+ to permeate through the InsP3R was tested to extend our knowledge of the ion selectivity sequence of this channel. To make these measurements, cerebellar microsomes were fused with planar lipid bilayers, and the currents generated with Ba z+ or Mn 2+ as the current carrier were compared. The Ba 2+ or Mn 2+ concentration was set to 55 mM on the luminal (trans) side of the bilayer. With either ion, singlechannel currents were activated by the addition of 0.5 mM ATP, 160 nM Ca 2+, and 2 ~M InsP 3 to the cytosolic (cis) side of the bilayer (Fig. 1) . In all experiments, InsP 3 was absolutely necessary for channel activation. Currents were not observed after the addition of ATP and/or Ca 2+ in the absence of InsP3 (Fig. 1, A and B, top two traces). Current deflections were observed only after subsequent addition of InsP~ (Fig. 1, A and B, third traces). Heparin (10 ~g/ml), a competitive inhibitor of the InsP3R (Ghosh et al., 1988) , caused an immediate and complete block of channel activity (Fig. 1, A and B, bottom traces). When Mn 2+ was the charge carrier, the current amplitude was significantly smaller than that measured with Ba z+ as the charge carrier (Fig. 2 , compare panels A and C; Table I Table I for the average value from four experiments). Channel activity was immediately and completely inhibited by hepafin (bottom trace), indicating that the observed currents were generated by openings of the InsP3R.
as well as the complete inhibition by heparin indicated that the observed small currents were caused by Mn 2+ going through the InsP3R. At all voltages tested, the currents were larger with Ba 2+ as the current carrier (Fig. 3) . The slope conductance for the single-channel openings measured between 0 and -40 mV was 17 pS for Mn 2+ and 88 pS for Ba 2+ (Fig. 3) . Further comparisons showed that the mean open time of the InsP3R was significantly shorter when Mn ~+ was the permeating ion ( Fig. 2 , compare panels B and D; Table I ). The mean open time for Ba 2+ was similar to that determined in previous experiments by Bezprozvanny and Ehrlich (1994) . On the other hand, the mean open time of the InsP3R using Mn z+ as current carrier (4.1 --+ 0.3 ms) was similar to that observed recently with Mg 2+ as the permeating ion (4.3 -+ 0.3 ms, Bezprozvanny and Ehrlich, 1994) .
Regulation of the InsP3R by Cytosolic Mn 2+
To test the ability of cytosolic Mn ~+ to substitute for Ca 2+ in regulating the InsP3R, we used exclusively 55 mM Ba 2+ as the current carrier. After activation of the InsP~R with 0.5 mM ATP and 2 ~M InsP~, the concentration of Ca 2+ or Mn ~+ on the cytosolic side was increased stepwise (Fig. 4) . The open probability of the InsP3R was very low at 10 nM free Ca 2+ (pCa 8.0) or at 117 STRIGGOW AND EHRLICH 10 nM free Mn 2+ (pMn 8.0). An increase in the cytosolic free Ca 2+ concentration was followed by a rise in channel activation. The open probability peaked at 160 nM free Ca ~+ (pCa 6.8, n = 5, Figs. 4 A and 5 A). Further additions of Ca 2+ on the cytosolic side of the InsPsR led to a decrease in the open probability. The channel activity was virtually abolished by 1 p~M free Ca 2+ (pCa 6.0, n = 5, Figs. 4 A and 5 A). Thus, the open probability of the InsPsR depended upon cytosolic Ca 2+ in a hell-shaped manner. This curve, generated with Ba 2+ as the current carrier, is similar to the curve obtained with Ca 2 § as the current carrier . Surprisingly, cytoplasmic Mn ~+ was also able to regulate the open probability of the InsP~R in a bell-shaped manner. In contrast to the activation of this channel by cytosolic Ca 2+, the peak of the maximum channel activity was shifted to 630 nM free Mn 2+ (pMn 6.2, n = 5; Figs. 4 B, 5 B). Channel activity was completely inhibited by 100 p~M free Mn 2+ (pMn 4.0; Figs. 4 B, 5 B) . The activation and the inhibition of the InsPa-gated channel by cytosolic Mn 2+ indicate that this ion can bind to both modulatory Ca 2+ binding sites of the InsPsR.
To determine the affinities of Ca 2+ and Mn 2+ to the activation as well as to the inhibitory site of the InsP3R, data were fitted by the equation : iX 2+ ] nkn
where Pm~, is the maximum open probability, K and k are the dissociation constants for the activating and inhibitory sites of the InsP~R, respectively, and IX 2+] is the free ion concentration (Ca z+ or Mn z+) on the cytoplasmic side of the channel. The equation assumes that X 2+ binds cooperatively to at least n binding sites at the InsP3R. Although another model that does not assume cooperativity can describe the modulation of the InsP3R by Ca z+, the fits to the data with the two models were indistinguishable . Best fits were obtained with n = 2.24, K = 143 nM, k = 155 nM for Ca 2+ and n = 1.7, K = 176 nM, k = 2.3 IxM for Mn 2+. Thus, the affinity of the cytosolic activating site of the InsP3R for Ca 2+ or Mn z+ is similar, whereas the affinity of the inhibitory site is ~15 times greater for Ca 2+ than for Mn 2+. A consequence of the different affinities for the inhibitory site is that the width of the ion dependence curve is narrower for Ca 2+ than for Mn 2+.
A comparison of the single channel characteristics of the maximally activated InsP~R (with Ba 2+ as the current carrier) shows that the properties are similar re-gardless of the ion used to modulate the channel from the cytoplasmic side (Table II) . When the channel was activated by 160 nM free Ca 2+ (pCa 6.8) or 630 nM free Mn 2+ (pMn 6.2) the mean current amplitude was indistinguishable (Table II) . Furthermore, we calculated the maximum open probability for a single channel activated with each of these ions. At pCa 6.8 and pMn 6.2 the calculated maximum open probability was 0.029 and 0.024, respectively ( Table II) . Note that these values are the absolute open probability whereas the values shown in Fig. 5 are normalized to 1 (the highest open probability observed in each experiment). 
DISCUSSION
We have investigated the ability of Mn 2+ (a) to permeate through the InsP3R and (b) to substitute for cytosolic Ca 2+ in modulating the activity of the channel. We found that Mn 2+ can pass through the channel and that this ion can bind to both activating and inhibitory sites of the InsP3R. In the following discussion, general conclusions will be made concerning the mechanism of ion permeation through the InsP3-gated channel and the nature of the cytosolic binding sites for Ca 2+ at the InsP~R. Finally, the results will be discussed with respect to the common use of Mn 2+ to quench the intracellular fluorescence of Ca 2+ indicator dyes.
Ion Permeation through the InsP3R
When Mn 2+ was added to the luminal side of the InsP3R, measurable channel currents were observed. As shown previously (Bezprozvanny and Ehrlich, 1994) , currents through the InsP3R are not measurable under voltage clamp conditions if the concentration of the charge carrier is <1 mM. The contamination of the Mn 2+ salt (MnSO4) by other divalents was <0.005% (manufacturer information). Therefore, currents detected in the presence of 55 mM Mn z+ on the luminal side of the InsP3R must be the result of Mn 2+ permeation through the InsP3R. The conductance of the InsP3-gated channel for Mn 2+ is smaller than for alkaline earth cations (Bezprozvanny and Ehrlich, 1994) . Thus, Mn 2+ can be added to the end of the permeation sequence of the InsPsR: Ba 2+ (2.2 pA, 88 pS) > Sr 2+ (2.0 pA, 77 pS) > Ca 2+ (1.4 pA, 53 pS) > Mg 2+ (1.1 pA, 42 pS) > Mn 2+ (0.8 pA, 17 pS). The order of permeation of the alkaline earth cations corresponds with the first of seven possible sequences predicted for divalent cation channels (Diamond and Wright, 1969) . This sequence corresponds to the mobility of these ions in free solution and the standard free energy of hydration. Assuming that the InsP3R is a single ion channel (Bezprozvanny and Ehrlich, 1994) , the narrowest region within the channel pore acts as the selectivity filter. Taking into consideration the permeation sequence of the alkaline earth cations through the InsPsR, we can conclude that the channel pore, even at its narrowest point, has only a weak affinity with the permeating ion and, furthermore, that the free energy of hydration (which determines how easily the ion can slip off its water shell) dominates the interaction between the ion and the pore surface. From the Pauling radii and the free energies of hydration of Ba 2+, Sr 2+, Ca 2+, Mg 2+, and Mn 2+ one would expect the conductance of the InsP~R for Mn 2+ to be between the conductances for Ca 2+ and Mg 2+. The radius of Mn 2+ is 0.80 ]k and the standard free energy of hydration is -1,828 kJ/mol at 25~ These values for Mn 2+ fall in the middle when compared to radii of 0.65 and 0.99 A_ and free hydration energies of -1,902 and -1,589 kJ/mol for Mg 2+ and Ca 2+, respectively (Edsall and McKenzie, 1978) . However, Mn 2+ passed through the channel more slowly than Mg 2+. The difference between theoretical and observed permeation sequence could be caused by the incompletely filled 3d orbital (3a ~) of Mn 2+. Consequently, oxygens (and nitrogens) from amino acid side chains and/or from the peptide backbone may provide coordinate binding sites for the permeating ion at the narrowest region of the channel pore. As a result of these interactions, the rate of Mn z+ passing through the channel would be slowed. On the other hand, the same oxygen-containing groups that build the "coordinate trap" for Mn 2+ will interact more weakly with the alkaline earth cations and will aid in removing the hydration shell. Thus, permeation of the alkaline earth cations depends only on their free energy of hydration.
From this point of view it would be interesting to know the Mn z+ conductance of the ryanodine receptor, a second intracellular Ca 2+ release channel. The 17-anodine receptor shares many features with the InsP~R, for example, a tetrameric organization (Anderson et al., 1989; Furuichi et al., 1989) , ~40% identity of the transmembrane domain (Mignery et al., 1989) , and similar conduction properties for divalent and monovalent cations (Tinker and Williams, 1992 ). An estimate of the permeability of the ryanodine receptor for Mn 2+ would allow suggestions concerning the degree of similarity' of the channel pore of these intracellular Ca 2+ release channels.
In our experiments, Mn 2+ was added to the luminal side of the InsP~-gated channel. Thus, the measured Mn 2+ current through the InsPsR corresponds to a Mn 2+ flux directed from the lumen of the endoplasmic reticulum to the cytosol. Mn 2+ current in the other direction (from the cytosol to the endoplasmic reticulum) was not measured. The magnitude of the current for all of the divalent cations at concentrations below 1 mM is too small to be detected with currently used bilayer techniques (Bezprozvanny and Ehrlich, 1994) , and cytosolic Mn 2+ concentrations above 1 mM inhibited the InsP3R (Fig. 4 B and Fig. 5 B) . However, studies with the InsP3R and the ryanodine receptor have shown that these channels pass cation currents equally well in both directions (Mak and Foskett, 1994; StehnoBittel et al., 1995a; Tinker and Williams, 1992) .
Effects of Cytosolic Mn 2+ on the [nsp~R Activity
There are two binding sites for Ca 2+ on the InsP3R which are responsible for the regulation of the InsP3R . Bell-shaped dependence of InsP3R-activity on the cytosolic concentration of Ca 2+ or Mn 2+. Data were averaged from five experiments with increasing concentrations of (A) Ca 'z+ or (B) Mn 2+ on the cytosolic side of the InsP5R (see Fig. 4 ). The open probability was normalized to the maximum open probability observed in each experiment. Recordings of at least 2 rain for each free ion concentration were analyzed. Individual points are the mean _+ SEM (n > 3), excluding the points at pCa 6.9, pCa 6.7, and pCa 6.6 in A, which represent only one experiment. Curves through the points were generated by curve fitting. See RESULTS for details about analysis and nonlinear regression. Best fits were obtained with n = 2.24, K = 143 nM, k = 155 nM and n = 1.7, K = 176 nM, k = 2.3 o~M for Ca 2+ and Mn ~+, respectively.
by cytosolic Ca 2+. We found that both sites are also affected by cytosolic Mn 2+. Unfortunately, the association constants of appropriate metal chelators (e.g. EGTA, HEDTA, NTA) are significantly larger for Mn 2+ than for Ca 2+. Therefore, we were concerned that in the Fig. 5 are normalized to 1 (the maximum open probability observed in each experiment).
case of stepwise additions of Mn 2+ (Fig. 4 A and Fig. 5  B) , contamination of Ca 2+, released from the chelator after addition of Mn 2+, may be responsible for the observed activation and inhibition of the InsP3R in these experiments. To directly test this possibility, the Ca 2+ contamination in all the solutions used was determined by atomic absorption spectroscopy. Total Ca 2+ concentrations between 0.5 and 1 IxM in our "Ca 2+ free" solutions were obtained. With these results we calculated the free Ca 2+ concentration on the cytosolic side of the InsP3R after each stepwise addition of Mn 2+ using a computer algorithm (Fabiato, 1988) and assuming a Ca 2+ contamination of 1 ~M total calcium in the solutions. At pMn 6.2, where the InsP3R was maximally activated, a free Ca z+ concentration of pCa 8.0 was obtained. As shown in Fig. 5 A, this pCa is too low to stimulate the InsP~R. Thus, the observed activation of the InsP3-gated channel at pMn 6.2 must be caused by Mn 2+. Furthermore, at pMn 5.0 when the InsP3R was inhibited, a pCa of 6.9 was calculated. In this case, pCa 6.9 is too low to be responsible for the observed inhibition of the InsP3R at pMn 5.0. Rather, a pCa of 6.9 should allow optimal channel activation (Fig. 5 A) . The finding that at pMn 5.0 (which corresponds to pCa 6.9) channel inhibition was observed, leads to two conclusions: (a) Mn z+ must be responsible for the channel inhibition, and (b) Ca 2+ can not activate the InsP3R if the inhibitory site is already occupied by Mn 2+. Taken together, we suggest that Mn 2+ is able to bind to both regulatory Ca 2+ binding sites of the InsPsR. As a result of these interactions, the open probability of the InsP3-gated channel is affected by cytosolic Mn 2+ in a bell-shaped manner. The dissociation constant of the activating site of the InsP3R for Mn ~+ is similar to Ca 2+ (KMn = 176 nM and Kca = 143 nM). On the other hand, the affinity of the inhibitory site is ~'-'15 times lower for Mn 2+ than for Ca 2+ (kMn = 2.3 IxM, kCa --155 nM). Thus, the ability of Mn 2+ to replace Ca z+ in regulating the channel activity differs for the two regulatory binding sites of the InsP3R.
In this context it is interesting that Sr 2+ influences the InsP3-gated Ca 2+ release in liver and sheep cerebel-lum in a manner similar to that reported in this study for Mn 2+ (Hannaert-Merah et al., 1995; Marshall and Taylor, 1994) . Marshall and Taylor (1994) reported ECs0's of 570 nM Sr 2+ and N900 I~M Sr 2+ for the sensitization and inhibition of 45Ca2+ release through the InsP3R from liver microsomes. Similar results have been shown recently for the cerebellar InsP3R by Hannaert-Merah et al. (1995) . In contrast to Ca 2+, Mn 2+, or Sr 2+, cytosolic Ba 2+ is only a very poor activator of the InsP3R and does not have inhibitory effects on the channel activity (Hannaert-Merah et al., 1995; Marshall and Taylor, 1994) . Considering these findings and our results in the present study, the affinity sequences for the two regulatory binding sites on the cytosolic site of the InsP3R are: activation site, Ca 2+ -------Mn 2+ 2-Sr 2+ 2>> Ba2+; inhibitory site, Ca 2+ > Mn 2+ >> Sr 2+ >> Ba 2+. Because the two Ca 2+ binding sites of the InsP3R have different affinities for the divalent cations, we conclude that activation and inhibitory sites must be structurally different.
The selectivity sequence for the inhibitory site can be used to explain the duration of the mean open time of the channel for the various divalent cations. When the mean open time was estimated using the same cytosolic conditions to activate the InsP3R but different ions were present on the luminal side to carry the current (this study and Bezprozvanny and Ehrlich, 1994) , the sequence was: Ca 2+ (2.9 -+ 0.2 ms) < Mn 2+ (4.1 -0.3 ms) < Sr 2+ (5.9 --+-1.6 ms) < Ba 2+ (8.9 + 2.9 ms). This order does not correspond to the relative current magnitude but is instead related to the affinity for the inhibitory site. The ability of Ca 2+ in the vicinity of an open channel pore to inhibit channel activity has been predicted in several models (Bezprozvanny and Ehrlich, 1994; Jong et al., 1993; Stern, 1992) . Our results support these predictions. The higher the affinity of the permeating ion on the modulatory site on the InsP3R, the sooner the "outcoming" ion can bind to the inhibitory site and the shorter the open time of the channel will be.
Conclusions with Respect to the Use of Mn 2+ as a Tool for Studying Intracellular Calcium Signaling
Mn 2+ binds to the fluorescent Ca 2+ indicator dyes (e.g., fura-2, indo-1) with high affinity, followed by an immediate and strong quenching of the dye fluorescence (Grynkiewicz et al., 1985) . This property has made Mn 2+ a useful tool to discriminate between the activation of a Ca 2+ influx channel in the plasma membrane (that is also permeable for Mn 2+) and the release of stored Ca 2+ by the InsP3R. The activation of the Ca 2+ entry pathway can be observed by the MnZ+-induced quenching of cytosolic dye fluorescence (Fig. 6 A, Merritt et al., 1989) . This study allows two conclusions concerning these experiments. First, because of its ability to pass through the InsP3R, Mn 2+ could also enter the endoplasmic reticulum (see Fig. 6 A) . If cells are loaded with a membrane-permeable dye, dye accumulation within intracellular compartments can occur easily (Glennon et al., 1992; Kass et al., 1994) . This accumulation may be critical for studies of the Ca 2+ influx channel in the plasma membrane. If the rate of Mn 2+ flux through the InsP3R is the rate-limiting step compared to the entry of Mn 2+ into the cytosol, the fluorescence quenching would depend exclusively on the InsP3R. Under these conditions, the measured rate of fluorescence quenching does not reflect the activation of the Ca 2+ influx pathway.
The second conclusion has implications for the function of the InsP3R in quenching experiments. After cellular stimulation, the influx of extracellular Mn 2+ into the cytosol should not alter the activation and inhibition of the InsP~R. This lack of effect on InsP3R function is a consequence of the similar affinity of the activating Ca 2+ binding site for Ca 2+ and Mn 2+. Consequently, these ions are equipotent as coactivators of the InsP~R. Thus, the activation of the InsP3R should not be affected by the presence of Mn 2+ in the extracellular medium. On the other hand, the regulatory Ca 2+ binding site of the InsP~R responsible for channel inactivation has a significantly higher affinity for Ca 2+ over Mn 2+. Therefore, Ca 2+ released from its intracellular store will inhibit the InsPsR before the cytosolic Mn 2+ concentration is high enough to bind to the inhibitory binding site of the channel. The conclusion that the regulation of the InsP3R is not altered by Mn z+ is of special importance if the InsP3R itself is involved in the regulation of the Ca 2+ influx pathway by a store-dependent capacitative mechanism (Putney, 1990) .
In addition to studies of the Ca 2+ influx pathway, Mn 2+ has also been used to investigate the InsP3R in permeabilized cells or in isolated nuclei by quenching intraorganellar (endoplasmic reticulum, nuclear cisterna) dye fluorescence (Fig. 6 B ; Hajnoczky and Thomas, 1994; Stehno-Bittel et al., 1995b) . In these studies it was assumed that Mn 2+ is able to permeate through the InsP3R when the channel is activated by InsP~. However, the Mn 2+ permeability of the InsP3R had not been demonstrated. More importantly, our finding that high concentrations of Mn 2+ (-->10 p~M) inhibit the InsP~R may have consequences for this type of experiment. Hajnoczky and Thomas (1994) used 2 p~M free Mn 2+ to monitor the function of the InsPsR. From the data obtained in the present study, this Mn 2+ concentration, although already on the inhibitory phase of the curve, is appropriate to investigate the InsP~-gated channel. On the other hand, in a recent paper by Stehno-Bittel et al. (1995b) experiments were described that used 10 o.M MnC12 to quench the mag-indo-1 fluorescence within the nuclear cisterna from Xenopus leavis oocytes. The apparent contradiction between this work and our results may have two explanations. First, the Mn 2 § concentration given by Stehno-Bittel et al. (1995b) reflects total values. The concentration of free Mn 2+ could be lower than 10 p~M due to buffering compounds in the media used. Second, differences in the primary sequence of the InsP3R from cerebellum and oocytes may be responsible for the different effects of Mn 2+ on the channel activity. For instance, the maximum activation of the InsP3R from oocytes is slightly shifted to higher Ca 2+ concentrations (pCa 6.0, Stehno-Bittel et al., 1995b) compared to the cerebellar InsP3R (pCa 6.8, this paper and Bezprozvanny et al., 1991) . This shift suggests there may be a similar shift in the affinities of the two regulatory Ca 2+ binding sites to Mn 2+ in oocytes.
In summary, we found that Mn 2+ can pass through the InsP3R and that it is a potent modulator of this channel. Despite these properties, Mn 2+ remains a useful tool for investigating Ca 2+ homeostasis, as long as appropriate concentrations are used.
